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Cross-linking of biopolymers for stabilizing earthen construction materials
Sravan Muguda a, Paul Neil Hughes a, Charles Edward Augarde a, Céline Perlot b,
Agostino Walter Bruno c and Domenico Gallipoli c
aDepartment of Engineering, Durham University, Durham, UK; bLaboratoire SIAME, Fédération IPRA, Université de Pau et des Pays de l’Adour,
Anglet, France; cDipartimento di Ingegneria Civile, Chimica e Ambientale, Università degli Studi di Genova, Genoa, Italy
ABSTRACT
Biopolymers are promising potential soil stabilizers due to their ease of application and
stabilization efficacy. Biopolymers are biologically occurring polymers that form hydrogels when
added to soil in the presence of water. Hydrogels are three-dimensional polymer networks
formed through the interaction of polymer chains with soil particles and pore water. The
chemical properties of the biopolymer and external factors (like temperature) affect the physical
characteristics of the hydrogels formed. Cross-linking of biopolymer chains with another
monomer or biopolymer enables the development of hydrogels with enhanced physical
integrity and mechanical properties. Recent studies have shown that the biopolymers, guar and
xanthan gums, improve the mechanical and durability properties of soil. As a galactomannan,
guar gum naturally forms cross links with xanthan gum, and the study presented here evaluates
the impact of this cross-linking on plasticity, shrinkage, strength and durability. Cross-linked
specimens with higher guar gum have higher plasticity indices and linear shrinkage; however,
when the amount of xanthan gum is increased, these values reduce. Strength tests suggest that
cross-linking addresses some of the shortcomings of each biopolymer and improves the overall
mechanical behaviour of the soil. The durability performance of cross-linked specimens was
found to be comparable with specimens stabilized with individual biopolymers.
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Earth building construction techniques such as rammed
earth create structural units (whole walls) using com-
pacted soil-water mixtures. These earthen units need
to possess the requisite strength and durability to sus-
tain different structural loads and to resist environmen-
tally driven deterioration. A cementitious stabilizer such
as cement is usually added to the soil mixture when the
soil used for construction cannot provide the required
strength and durability. The addition of cement to the
soil to improve its engineering properties is, of course,
a common practice employed in many geotechnical
applications, in particular ground improvement, and is
popular primarily because it rapidly improves both
soil strength and durability for a wide range of soils of
varying gradation and mineralogy (Bryan, 1988). How-
ever, there are many downsides associated with using
cement as a soil stabilizer. Cement is a major contribu-
tor to global greenhouse emissions (Olivier & Peters,
2020) and thus increases the carbon footprint of the
soil stabilization process. In many cases, the amount
of cement used for stabilization in earthen construction
has an equivalent carbon footprint of a conventional
fired brick or concrete block which makes the stabiliz-
ation process unsustainable (Lax, 2010; Maskell et al.,
2014). In addition to the carbon costs, standard cements
have high embodied energy; they make soil ecologically
inert which reduces vegetation growth, they can cause
groundwater contamination and finally, they reduce
the re-use potential of the soil mixture. This situation
has motivated many researchers across the globe to
seek more sustainable replacements to cement for
stabilization.
Biopolymers have been identified as promising soil
stabilizers as they have a simple application procedure
and stabilization efficacy. They are naturally occurring
polysaccharides synthesized through biological pro-
cesses and have been extensively used as viscosifiers in
food, agriculture and cosmetic industries (Katzbauer,
1998; Mudgil et al., 2011). Recent studies have used bio-
polymers such as starch, alginate, guar and xanthan
gums to reduce soil permeability (Bouazza et al., 2009;
Khatami and O’Kelly, 2013), guar, xanthan and gellan
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gums to increase soil shear strength (Cabalar & Canakci,
2011; Chang et al., 2015; Soldo et al., 2020), xanthan
gum to improve compressibility(Latifi et al., 2017),
guar and xanthan gums to enhance durability (Qureshi
et al., 2017) and to improve the understanding of long-
term performance of xanthan gum stabilized soils
(Chang et al., 2015; Reddy & Varaprasad, 2021).
Amongst the different biopolymers which have been
previously investigated as a soil stabilizer, guar and
xanthan gums are known to possess good stability
against temperature and pH changes (Mudgil et al.,
2014). The intrinsic chemical properties of the biopoly-
mer have a significant influence on the engineering
behaviour of the stabilized soil. Guar gum is a neutral
polysaccharide having numerous galactose groups to
the side chains of the polymer and primarily interacts
through chemically weak hydrogen bonds. Hence,
when added to soil, guar gum has a significant influence
only on the compressive strength of the stabilized soil
rather than its tensile strength. Further, with a high
affinity towards water, guar gum may hold more water
within the soil, which could make the soil susceptible
to high shrinkage. In the case of xanthan gum, an anio-
nic polysaccharide, the interaction with soil particles
occurs through both ionic and hydrogen bonding
which improves both the compressive and tensile
strengths of the stabilized soil (Chen, 2014). With better
tensile strength, xanthan gum stabilized soil would
essentially have better durability against water-induced
erosion than guar gum stabilized soil (Soldo et al.,
2020). Though xanthan gum has shown superior per-
formance over guar gum in regards to mechanical
behaviour and durability performance, the overall
embodied energy and greenhouse gas emissions associ-
ated with the production of xanthan gum is substan-
tially higher than that of guar gum (Gresta et al., 2014;
Krishna Leela & Sharma 2000). Also, the energy
required in production for xanthan gum is about 10
times greater than for an equivalent amount of cement
(Lo et al., 1997). Thus, one needs to balance the benefits
to the soil properties with measures of sustainability.
On addition to the soil, biopolymers initially interact
with pore water to form ‘hydrogels’ and in turn, these
hydrogels interact with soil particles by either coating
themselves to the coarse-grained soil particles and/or
by forming chemical bonds with clay particles(Chen
et al., 2016). These complex interactions between biopo-
lymer hydrogels, pore water and soil particles lead to the
formation of a 3D network of hydrogels connecting soil
particles which provide a stabilizing effect to the soil
(Ayeldeen et al., 2016; Chang et al., 2015; Mendonça,
2020). Further on drying, these hydrogel formations con-
necting the soil particles change their physical nature
from a ‘rubbery’ to a ‘glassy’ state which has a significant
influence on soil strength improvement (Ayeldeen et al.,
2016). The physical integrity, mechanical properties and
the chemical activity of the hydrogels are dependent on
the chemical properties of the biopolymer (Gulrez
et al., 2011; Varaprasad et al., 2017). On saturation, the
outer chains of the biopolymer absorb and hold water
which fills up the voids in the soil matrix. This makes
the hydrogels swell before starting their dilution, which
is the process where the hydroxyl groups of the hydrogel
dissociate and dissolve in the water. The amount of water
held by the hydrogels and the time taken for complete
dilution depends on the intrinsic chemical properties of
the biopolymer (Gulrez et al., 2011; Nugent et al.,
2009). To delay or avoid this dilution of the hydrogels,
they are usually cross-linked (Ullah et al., 2015; Varapra-
sad et al., 2017), which is a process where the outer chains
of the biopolymer are made to interact with other poly-
mer chains to enhance the physical integrity and mech-
anical properties of the hydrogel. Literature
recommendations suggest that neutral polysaccharide
galactomannans such as guar gum instantaneously
form cross-links with a helix-forming polysaccharides
such as xanthan gum without any initiation (Casas
et al., 2000; Katzbauer, 1998). Cross-linking between
guar and xanthan gums has been used for stabilizing of
fly ash suspensions to retard spontaneous coal combus-
tion, for long-term stabilization of iron nanoparticles in
groundwater remediation and to improve fluid proper-
ties in hydraulic fracturing (Fischer et al., 2001; Shi
et al., 2018; Xue & Sethi, 2012, respectively). Very few
studies, however, have focussed on cross-linking specifi-
cally for soil stabilization. Chen (2014) and Ding et al.
(2019) have previously used guar and xanthan gum
cross links to improve the resistance of mine tailings
against wind erosion. Chen (2014) reported that cross-
linking lowered the rate of erosion of the stabilized
material, while Ding et al. (2019) reported that cross-
linked specimens with higher concentrations of xanthan
gum had better penetration resistance and dust control
performance. However, there are no studies that report
the effect of cross-linking on soil plasticity, strength
gain and durability. In the following study, a novel assess-
ment of cross-linking guar and xanthan gums is made to
understand its impact on soil plasticity, strength gain and
durability of earthen construction material such as
rammed earth.
Materials and methods
In this study, the effectiveness of cross-linking of biopoly-
mers for soil stabilization was evaluated on a soil mixture
used for manufacturing earthen construction materials
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like rammed earth or compressed earth. An engineered soil
mixturewas used comprising 20% refined kaolin, 70% sand
and 10% gravel by mass (denoted as Soil 2-7-1) (Chemical
analysis of the kaolin by X-ray fluorescence showed SiO2
47% and Al2O3 38%) was chosen for this study, as it
suits the recommendations from a number of sources for
earthen construction materials (Houben & Guillaud,
1994; Olivier & Mesbah, 1987) and following much pre-
vious work in this area using this mixture. As the engin-
eered soil mixture is classified as Clayey Sand (SC) as per
UK standard BS 5930 (2015), the engineering behaviour
of this soil mixture can be considered representative of
natural soils with similar physical properties. The physical
properties of the unamended engineered soil mixture,
namely, the Atterberg limits and linear shrinkage were
determined in accordance to BS 1377-2 (1990) and com-
paction properties (using the 2.5 kg Proctor test) in accord-
ance with BS 1377-4 (1990). Table 1 presents the physical
properties of unamended engineered soil mixture.
The two biopolymers used in this study, namely, guar
and xanthan gums, in powdered form, were obtained
from a company in the UK. Guar gum is processed
from the endosperm of a cluster beans (Cyamopsis tetra-
gonolobus) belonging to Leguminosae plant species, an
annual crop usually grown in semi-arid regions (mainly
in India and Pakistan). Chemically, guar gum is a neu-
trally charged polysaccharide composed of galactose
and mannose groups (Chudzikowski, 1971; Mudgil
et al., 2014). Xanthan gum is biologically synthesized
from a plant-based pathogenic bacterium called
Xanthomonas campestris. It is chemically an anionic
polysaccharide which has repeated pentasaccharide
units formed by two glucose units, two mannose units
and glucuronic acid unit in its backbone and glucuronic
acid between two mannose units in its trisaccharide side
chains (Becker et al., 1998; Garcıa-Ochoa et al., 2000;
Katzbauer, 1998). Both of these biopolymers have
been used extensively as thickening agents in the food,
cosmetic and pharmaceutical industries due to their
ability to remain volumetrically stable against varying
temperature and pH conditions (Katzbauer, 1998; Mud-
gil et al., 2011). Only in the recent past, they have been
investigated for the purpose of soil stabilization due to
their ability to improve various soil properties in a rela-
tively short span of time. Based on the past literature
recommendations (Chang et al., 2015), the total amount
of combined biopolymer content for cross-linking in
this study was kept at 2.0% of the dry soil mass. The
different combinations of biopolymer cross-linking
used in this study are presented in Table 2. As per the
recommendations given in the literature, earthen con-
struction material stabilized with 8% cement has com-
parable compressive strength (3–5 MPa) of a fired
brick (Kerali, 2001; Venkatarama Reddy & Jagadish,
1989). Hence, the performance of the biopolymer stabil-
ized samples in this study was compared with 8.0%
cement stabilized samples. CEM II type cement which
was used in this study conformed to the specifications
set out in BS EN 197-1(2011).
Atterberg limits and linear shrinkage tests
The engineered soil mixture was taken on a 425 µm
sieve and washed thoroughly until no visible fine por-
tion of the soil passed through the sieve (BS 1377-2
(1990)). The portion of the soil fraction which passed
through the sieve was retained and dried in the oven
for 24 h at 100 ± 5 °C. After 24 h of drying, the soil frac-
tion was broken down into smaller fines using a rubber
mallet; required quantities of biopolymer/s were then
introduced to these soil fractions and mixed thoroughly
with distilled water until a firm-to-stiff consistency was
achieved. The wet mixture was then stored in air-tight
polythene bags to equilibrate for 24 h, after which in
accordance to BS 1377-2 (1990) liquid limit (using
cone penetration method), plastic limit and linear
shrinkage tests were conducted.
Strength tests
Unconfined compression tests
Cylindrical specimens of dimension 38 mm diameter
and 76 mm height were prepared and tested in
Table 1. Physical properties of the unstabilized soil mixture used in this study.
Soil Clay (%) Silt (%) Sand (%) Gravel (%) Liquid limit (%) Plastic limit (%) OWC (%) ρd,max (kN/m
3)
2-7-1 16 04 70 10 36.2 18.4 9.8 19.62
Table 2. Stabilizer combinations along with amount of











1 Unamended 0.0 0.0 —
2 Guar Gum (GG)−
2.0%
2.0 0.0 2.00
3 1.5GG + 0.5XG 1.5 0.5 1.75
4 1.0GG + 1.0XG 1.0 1.0 1.50
5 0.5GG + 1.5XG 0.5 1.5 1.25
6 Xanthan Gum (XG)
− 2.0%
0.0 2.0 1.00
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unconfined compression (UC). Initially, the engin-
eered soil mix and biopolymer were mixed
thoroughly before adding the water equivalent to
the optimum water content (OWC) of the una-
mended soil mixture. It was observed that, additional
water above OWC was needed for a biopolymer
stabilized sample to make the soil mix workable.
The quantity of additional water needed to make
the soil mix workable varied with the type and quan-
tity of biopolymer used in a particular combination
and was determined prior to the preparation of
each sample. Table 2 presents the quantity of
additional water required for different biopolymer
combinations. After the water was added, the soil
was thoroughly mixed for about 2–3 min until a uni-
form mixture was obtained. This wet soil mix was
then introduced into UC specimen mould and stati-
cally compacted in three layers to achieve the dry
density of 19.62 kN/m3, which equals the maximum
dry density of the unamended soil mixture. The com-
pacted sample was then extruded out of the mould
and left to dry cure under the laboratory environ-
ment (relative humidity (RH) of 50% and tempera-
ture of 21 °C) and later tested after 7 and 28 days.
For each designated curing period, three replicates
were prepared and tested for UC in accordance
with the British Standard (BS 1377-7, 1990).
On the completion of the designated curing period,
the mass and dimension of the test specimen were
recorded prior to testing. As the surface of the test speci-
men was level without any capping the test specimen
was set under the loading platen of a Shimadzu univer-
sal testing machine (Figure 1). The specimen was then
uniaxially loaded at a controlled displacement rate of
0.5 mm/min until failure. The selected displacement
rate of 0.5 mm/min was based on the previous tests con-
ducted by Beckett (2011). Loads and displacements
during the test were automatically recorded using the
software TRAPEZIUM LITE X. For assessing the per-
formance of biopolymer stabilization, identical tests
were carried out on samples of the unamended soil
after 7 days of air curing and on samples stabilized
with 8.0% cement by mass after 7 and 28 days of air cur-
ing. Like biopolymer-stabilized samples, air curing took
place inside the laboratory atmosphere.
Tensile tests
Determination of tensile strength of earthen construction
materials is often neglected as it is considered to be low,
however, its estimation is crucial in understanding its
behaviour under seismic conditions (Araki et al., 2016;
Bui et al., 2014) and for durability. In order to determine
tensile strength, ‘bowtie’ shaped specimens were pre-
pared and tested in tension using the procedure outlined
in Stirling et al. (2015). The specimens possess a mirrored
isosceles trapezium plan cross-section (27 × 16 ×
46 mm), where the presence of the reduced cross-sec-
tional area at the centre, induces tensile failure at the
neck of the specimen (Figure 2(b)). The test specimens
were manufactured in a bow-tie-shaped mould and
otherwise, the preparation procedure of these specimens
was similar to that of UC test specimens, i.e. compacting
the soil in three layers in a sample mould to achieve the
required dry density. Biopolymer stabilized tensile speci-
mens were cured under the same conditions as that of the
UC test specimens and then also tested after 7 and 28
days. On the day of testing, the mass and dimension of
the cured specimens were noted. The test specimen was
introduced into the modified 60 mm square direct
shear testing rig. The sample was secured between the
loading jaws of the modified rig. By action of the
motor of the testing rig, the carriage jaw moves away
from the restrained jaw uniaxially, which induces tension
on the sample. The rate of deformation can be controlled
similarly to a direct shear test, in this case, it was main-
tained at 0.5 mm/min. The loading on the sample contin-
ued until obvious failure. Load and displacement values
were recorded manually. For all the specimens tested,
the testing duration was about 8–10 min.Figure 1. Unconfined compression test setup.
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For comparison, identical tests were carried out on
samples of the unamended soil after 7 days and on
samples stabilized with 8·0% cement by mass after 7
and 28 days of air curing.
Durability tests
The impact of cross-linking on durability against
rainfall-induced erosion was assessed in accordance
with the Geelong drip test as described in New Zeal-
and Standard NZDS 4298 (1998). For drip tests, test
specimens in the form of 150 mm × 150 mm× 20 mm
tiles were prepared. The tiles were manufactured in
the same way as the other specimens but in a steel
150 mm cube mould; however, the bulk mass of the
soil mixture was statically compacted to a single
layer to achieve the maximum dry density of the
unamended soil mix using a Denison T60C hydraulic
press. To avoid drainage and ensure safe extrusion of
the sample, the cube mould was lined with Teflon
paper. To achieve the required thickness of 20 mm,
the compacting pressure had to be maintained
around 2.0–2.3 MPa. Once compacted, the cube
mould was dismantled, and the tile specimen care-
fully removed. The tiles were then left to cure in
the laboratory atmosphere at a RH of 50% and a
temperature of 21 °C. Geelong erosion tests were
then performed on samples cured for 7 and 28
days. The test procedure involves the dripping of
100 mL of deionized water using a peristaltic pump
within 60 min from a height of 400 mm onto the
surface of the sample; this simulates the effect of
500 mm of annual rainfall (Heathcote, 1995). The
test specimen was kept at an inclination of 2H:1 V.
At the end of the test, the depth of erosion was
recorded using the depth rod of a Vernier calliper
for each tested specimen (Figure 3).
Results and discussion
Effect of cross-linking on soil plasticity and linear
shrinkage
Table 3 presents the results of Atterberg limits and lin-
ear shrinkage tests for all samples in this study. The
liquid and plastic limits for the unamended soil mixture
were 36.2% and 18.4%, respectively. For all the biopoly-
mer stabilized combinations, the liquid limit was higher
than that of the unamended soil mixture. Within the
biopolymer stabilized combinations, the guar gum
stabilized soil mix had the highest liquid limit, while
the xanthan gum stabilized soil mix had the least.
From the liquid limit values for cross-linked combi-
nations, it can be observed that as the percentage of
xanthan gum increased within the combination, the
liquid limit decreased. It can be noted from Table 3,
unlike the liquid limit, the effect of biopolymer on the
plastic limit of the stabilized soil mix was less significant.
The plastic limit of the cross-linked combinations was
slightly higher than that of other combinations, indicat-
ing that the application of biopolymers in combination
induces cross-linking which influences soil plasticity.
The impact of biopolymer stabilization on soil plasticity
is better understood through the plasticity chart plotted
in Figure 4. The classification of the fine portion for the
unamended soil fraction as per BS 1377-2 (1990) was
Clay of intermediate plasticity (CI). With the addition
of the biopolymer, this classification changed to Clay
of high plasticity (CH) except for soil stabilized only
Figure 2. Tensile tests. (a) Test illustration and (b) test-setup.
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with xanthan gum. However, the effect of cross-linking
is quite evident from the plasticity chart, as the amount
of xanthan gum increases in the soil (or guar gum
decreases), its plasticity index reduces. The linear
shrinkage value of the unamended soil mixture was
5.0%. For the guar gum stabilized specimen, the linear
shrinkage value was at 12.1%, while for xanthan gum
it was 6.0%. The variation in linear shrinkage values
for cross-linked specimens had a similar decreasing
trend as that of liquid limit, i.e. as the amount of
xanthan gum in the soil mix increased, the linear
shrinkage reduced. The influence of xanthan gum on
the volumetric stability of the cross-linked specimen is
quite evident.
The changes in liquid limit and linear shrinkage
values for biopolymer stabilized soil mixes can be attrib-
uted to the intrinsic chemical properties of the biopoly-
mers and the type of chemical interaction they have with
the clay particles. Nugent et al. (2009) noted that on the
addition and mixing of biopolymers, two important
interactions occur within the soil matrix. Firstly, the
hydroxyl groups of the biopolymer readily interact
with pore water which increases its viscosity, and this
tends to increase the liquid limit of the soil. Secondly,
the interaction between biopolymer chains and clay par-
ticles leads to soil agglomerations which, in turn,
reduces the overall surface area of soil particles. Thus,
lower amounts of water are required to hydrate these
agglomerations, and this tends to lower the liquid
limit of the soil. The combination of these two inter-
actions determines the final liquid limit of the soil.
Being a neutral polysaccharide, guar gum essentially
interacts with pore water and clay particles in the soil
matrix through hydrogen bonding (Chudzikowski,
1971). Having a higher affinity towards water, the
hydroxyl ions interact of the polymer chains interact
more with pore water than the clay particles within
the soil matrix. Hence, the effect of viscosity will be
more predominant in guar gum stabilized soil (Nugent
et al., 2009) and thus the observed liquid limit is far
higher than that of other combinations. On drying,
these hydrogen bonds are easily broken, and the large
amount of water held by the biopolymer chains of the
guar gum escapes from the soil mix, thus, the observed
linear shrinkage values are higher than other biopoly-
mer combinations. On the other hand, xanthan gum
is an anionic polysaccharide which will readily interact
with clay particles within the soil matrix and form larger
and stable agglomerations through ionic bonding
(Chang et al., 2019). These stable agglomerations reduce
the overall surface area within the soil mixture and thus
Figure 3. Geelong erosional tests. (a) Test illustration and (b) test-setup.












1 Unamended 36.2 18.4 17.8 5.0
2 Guar Gum (GG)
− 2.0%
78.7 21.5 57.2 12.1
3 1.5GG + 0.5XG 76.4 23.4 53.0 11.6
4 1.0GG + 1.0XG 72.1 23.2 48.9 8.4
5 0.5GG + 1.5XG 53.0 23.3 29.7 6.0
6 Xanthan Gum
(XG)− 2.0%
49.4 20.7 28.7 6.0
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the observed liquid limit is lower than all other combi-
nations. Even on drying, these agglomerations remain
stable and provide volumetric stability for the soil,
thus the observed linear shrinkage value is lower than
all other combinations. In the case of cross-linked com-
binations, the change in liquid limit and linear shrink-
age values are not proportionate with the amount of
biopolymer present. This indicates apart from the
above interactions of the individual biopolymer, the
cross-linking of the two biopolymers also has an influ-
ence on the soil plasticity and shrinkage properties. As
observed in Figure 4, there is a slight increase in plas-
ticity index and linear shrinkage for specimens with
higher concentrations of guar gum; however, as the
amount of xanthan gum in the other two cross-linked
combinations was increased, these values reduced. The
results suggest that equal or higher proportions of
xanthan gum would be effective during cross-linking;
otherwise, the effect of cross-linking may be considered
less favourable in tackling soil plasticity and shrinkage.
Effect of cross-linking on soil strength
Figure 5(a,b) shows the axial stress/strain plots recorded
during the UC tests for all samples after 7 and 28 days of
curing. Key conclusions should be drawn from the
results >0.5% strain as the differences in stiffness at
low axial strains are caused by sample bedding. At 7
and 28 days, there is a considerable difference in stiff-
ness between biopolymer combinations, with higher
concentrations of xanthan gum leading to higher stiff-
ness. The increased stiffness after 28 days appears pri-
marily due to the transformation of the physical state
of the hydrogels from a ‘rubber’ to’ a glassy’ state
(Ayeldeen et al., 2016)
Figure 6(a,b) shows the stiffness and UC peak
strength for all combinations for both 7 and 28 days
of curing. The average compressive strength of an una-
mended specimen was 370 kPa, while for cement stabil-
ized specimens, it was 2779 and 3076 kPa after 7 and 28
days, respectively. The compressive strengths of all bio-
polymer combinations were in the range of 3550–
4326 kPa, which are higher than unamended specimens
and are approximately 35% higher after 7 days and 30%
after 28 days than cement stabilized specimens. Though
all biopolymer combinations have shown higher
strength than unamended and cement stabilized speci-
mens, there was no optimum combination of cross-link-
ing which has shown significantly higher compressive
strength. Figure 7 presents the peak tensile strength
for all combinations tested in this study. All biopolymer
combinations showed higher tensile strength than una-
mended samples after 7 and 28 days curing. It can be
observed from Figure 6 that after 7 days of curing, all
biopolymer combinations had lower tensile strengths
than cement stabilized specimens; however, after 28
days, biopolymer combinations with xanthan gum con-
tent > 1.0% had higher tensile strengths than cement
stabilized specimens.
The mechanical behaviour of individually stabilized
biopolymer specimens has been previously reported
by Muguda et al. (2017). It was noted that the hydrogel
formation and soil suction contribute to both compres-
sive and tensile strength of the biopolymer stabilized
soil. In the case of guar gum stabilized soil, once the
hydrogels transform to a glassy state on drying, they
Figure 4. Plasticity chart.
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tend to reduce soil suction and contribute only to the
improvement of compressive strength. With reduced
soil suction and weaker hydrogen bonds, the hydrogels
do not contribute to tensile strength improvement. For
xanthan gum stabilized soil, after 28 days, there was a
slight decrease in compressive strength; however, the
ionic bonding of the biopolymer chains and hydrogel
transformation improved soil suction and, in turn, con-
tributed to stiffness and tensile strength. The results
from the strength tests in the present study seem to
suggest that cross-linking the biopolymers has
addressed the shortcomings of both biopolymers. All
cross-linked specimens did not show any signs of
reduction in compressive strength after 28 days unlike
xanthan gum stabilized specimens. From the tensile
tests presented in the previous study, the tensile strength
of guar gum stabilized specimens reduced after 28 days
even for specimens prepared with higher biopolymer
content (up to 3.0% of dry soil mass). The tensile
strength after 28 days for 1.5% guar gum stabilized
Figure 5. Axial stress versus strain plots for all biopolymer combinations (a) 7 days and (b) 28 days.
Figure 6. UC strength results for all samples tested in this study. (a) Stiffness and (b) peak strength.
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specimen was 55 kPa, while it was 165 kPa for 1.5%
xanthan gum stabilized specimen. In the present
study, after 28 days, the tensile strength of the cross-
linked specimen with 1.5% guar gum and 0.5% xanthan
gum was about 200 kPa. The higher tensile strength for
this specimen can be attributed to the interactions
which occur between guar and xanthan gum biopoly-
mer chains. Hence it can be concluded that in the case
of cross-linked specimens, additional interaction
between individual biopolymer chains and with soil par-
ticles contributes to the stabilization process (Fischer
et al., 2001; Mwamufiya, 1998). This shows that small
replacements of guar gum with xanthan gum result in
an improvement in tensile strength. At equal pro-
portions of guar and xanthan gums and with higher
xanthan gum, the tensile strength of cross-linked speci-
mens after 28 days is higher than that of a cement stabil-
ized soil specimen. The increase in tensile strength
through the addition of biopolymers would be an
added advantage in improving the seismic resistance
of biopolymer stabilized earthen construction materials.
Further, having addressed the shortcomings of each bio-
polymer, cross-linking has facilitated better stabilization
in terms of better mechanical behaviour of the stabilized
material.
Effect of cross-linking on soil durability
Figure 8 shows typical failure surfaces for unamended,
cement and biopolymer stabilized tiles after the com-
pletion of drip tests. It can be noticed from the figure
that unamended samples have higher eroded depth
with an erosion of fine-grained particles from adjacent
areas of the pitted depth of the tile, while cement stabil-
ized samples had the smallest eroded depths. In the case
of biopolymer stabilized tiles, the final eroded depths
were less than unamended and higher than that of
cement stabilized samples with no visible surface ero-
sion of fine-grained particles. Figure 9 presents the
final eroded depths at the end of the test for tiled speci-
mens for all the combinations considered. In the plot,
for each combination, erosional depth measured at 7
and 28 days are plotted adjacent to each other. Based
on the recommendation given by NZS 4298 (1998), una-
mended specimens have a high erodibility index of 3,
while for the cement stabilized specimen it was 2. For
all biopolymer combinations, the final depths of erosion
were well within 5 mm and the erodibility index was
2. Between the biopolymer stabilized specimens, guar
gum stabilized specimens had the highest erosional
depths, while the xanthan gum stabilized specimen
showed greater resistance against erosion. The perform-
ance of the cross-linked specimens is similar to that of
individually stabilized specimens. As the amount of
xanthan gum in the cross-linked specimen increases
the depth of erosion reduced. As per Frencham
(1982), biopolymer stabilized specimens which have
erosional depths lesser than 5 mm can be classified to
be ‘slightly erodible’ and in terms of NZS 4298 (1998),
they may be subjected to more adverse durability test
such as the spray test for precise assessment.
To date there are very few studies in the literature
which have extensively investigated the durability per-
formances of biopolymer stabilized soils. Qureshi et al.
(2017) have compared the slake durability performance
of xanthan gum stabilized subgrade with that of cement
stabilized material. It was reported that 10% cement
stabilized subgrade material showed weaker durability
performance than xanthan gum stabilized materials
with stabilizer content higher than 2.0% of the dry soil
mass. It was noted that the repeated wetting and drying
cycles led to degradation of cement stabilized material,
while in xanthan gum stabilized material, the wetting
aided the hydrogels within the soil to rehydrate and
hold the sand particles together. Ding et al. (2019) is
another study that reports the durability performances
of xanthan-guar cross-linked soils against wind-driven
erosion. It was noted that the viscosity of the biopoly-
mer solutions was directly linked with penetration
resistance and durability performance. Further, it was
observed that guar and xanthan cross links (at 1:3
ratio) provided the best performance in both strength
and durability. These studies suggest that the ability of
the biopolymer to alter the properties of water within
the soil matrix leads to the improvement of soil’s
Figure 7. Peak tensile strength for all samples tested in this
study.
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durability. This stabilization effect of the biopolymers is
also seen in the drip tests conducted. As observed here,
the repeated dripping of water on the earthen materials
leads to erosion of fine-grained particles from the sur-
face and localized saturation. As observed in Figure 8,
the addition of biopolymer prevents the erosion of the
fine-grained particles due the interactions of polymer
chains with clay particles within the earthen material,
unlike that of unamended samples in which fine-
grained particles wash off during dripping. Further, as
the repeated dripping creates localized saturation, the
ability of the biopolymer to absorb and hold water pre-
vents pitting of the material leading to lesser eroded
depths, as seen from the results presented in Figure 9.
The performance of biopolymer stabilized samples in
these two fronts of deterioration is directly linked with
physical and chemical characteristics of the hydrogels
formed and the results certainly suggest that the cross-
linking of xanthan gum with guar gum would provide
better durability performance as against only guar
gum stabilized samples. The tests in this study, though
aimed at assessing construction materials, have revealed
the reliable stabilization performance of biopolymers
against water-induced erosion. The test results are
promising for using biopolymers in this way and mak-
ing use of aspects of cross-linking to improve soil dura-
bility in any other ground improvement cases.
Implications for biopolymer soil stabilization
As indicated above, biopolymers are extensively used
as stabilizers in food, cosmetic and other industries
to stabilize a wide range of materials (Mudgil et al.,
2011) and there is a growing research interest within
the scientific community to understand the capabili-
ties of using biopolymers as a soil stabilizer. In com-
parison with cement, there are several advantages of
using biopolymers as a soil stabilizer. Firstly, the
amount of biopolymer content required to stabilize
an equivalent amount of soil is about one-fourth as
that of cement(Chang et al., 2015; Chang et al.,
2015) with no special curing requirements. Hence, in
many practical applications, only small quantities of
biopolymers would be required to stabilize large quan-
tities of soil. Without the need of any special curing
techniques, biopolymers may be used effectively in
constrained spaces for stabilization purposes. About
95% of strength gain for biopolymer stabilized soils
occur within 7 days of application (Ayeldeen et al.,
2016), while for cement stabilized soils the time
taken is assumed to be around 28 days. The rapid
gain of soil strength due to the addition of biopoly-
mers can ensure the structure element (rammed
earth walls) can become functional and thus speed
up the construction process. All these promising
characteristics of biopolymer stabilization make them
a productive alternative for soil stabilization.
Figure 8. Typical failure surfaces after drip tests (a) unamended, (b) cement stabilized tiles and (c) biopolymer stabilized tiles.
Figure 9. Geelong drip test results.
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At the same time, there are few downsides associated
with biopolymer stabilization which may, in the end,
limit their practical application. The hydrogels formed
by certain biopolymers (like guar gum) are hydrophilic
in nature which will draw pore water into the soil
matrix. This will have a significant influence on the
soil plasticity and shrinkage properties and may pose
problems to the volumetric stability of the soil. Out of
the available biopolymers, only a few have shown com-
parable stabilization performance to cement and of
those, xanthan gum appears to be one of the best choices
for soil stabilization. Biopolymer stabilized soils are sus-
ceptible to deterioration on full saturation, which may
potentially limit their use in some geotechnical appli-
cations. It is also yet to be ascertained whether biopoly-
mer production can cater to the requirement of
construction needs if they are actively used as a stabiliz-
ation agent. To date, there are no studies that report
full-scale implementation of biopolymers thus, they
have yet to be field verified. Also, without a full Life
Cycle Assessment, their exact sustainability credentials
cannot be ascertained, and this may also limit their
practical application.
Cross-linking of biopolymers may address the issues
concerning biopolymer choice, volumetric stability,
strength degradation and sustainability credentials. In
the food and pharmaceutical industries, it is a common
practice to cross-link a biopolymer to improve the
stabilization process (Ullah et al., 2015; Varaprasad
et al., 2017). Cross-linked hydrogels tend to have better
physical integrity and stability against varying pH and
temperature. As seen from the present study, optimized
cross-linking between guar and xanthan gum appears to
lead to better volumetric stability of biopolymer stabil-
ized soils, addressing the shortcomings of each biopoly-
mer in their contribution towards soil strength and have
comparable durability performance as against individu-
ally stabilized specimens and cement stabilized speci-
mens. Considering cross-linking can be achieved in
different techniques such as the introduction of ionic
biopolymer, chemical initiator or thermal treatment,
there are many unexplored ways in which the soil can
be stabilized through cross-linking.
Conclusions
Biopolymers have been identified as promising replace-
ments to cement for soil stabilization in many geotech-
nical applications. Based on the recommendations given
in the literature that guar and xanthan gums readily
interact with each other and form cross-links, this
study has made a novel attempt to cross-link guar and
xanthan gums with each other to stabilize an earthen
construction material. Higher concentrations of guar
gum in cross-linked specimens resulted in higher plas-
ticity index and linear shrinkage values; however,
equal or higher proportions of xanthan gum in cross-
linked specimens had better volumetric stability.
Cross-linking the biopolymers with each other in a
way addressed the shortcomings of each biopolymer,
i.e. improvement of tensile strength and no signs of
reduction in strength after 28 days. Further, all cross-
linked specimens exhibited similar durability perform-
ance against water-induced deterioration as that of the
specimens stabilized only with guar or xanthan gums.
Cross-linking combinations consisting of equal
amounts of xanthan and guar gums were found to
have comparable behaviour of cement stabilized speci-
men and hence higher amounts of xanthan gum are
not required to achieve desired strength and durability.
Any future studies which can precisely quantify the
cross-linking between xanthan and guar gum in relation
to soil stabilization would improve the understanding of
stabilization mechanisms and improve the efficacy of
the stabilization process. Considering biopolymers can
be cross-linked in several different ways, it gives an
opportunity to alter biopolymer stabilization and mod-
ify the soil in ways they have not been able to do so with
existing stabilizers such as cement.
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